AKT plays a pivotal role in driving the malignant phenotype of many cancers, including high-risk neuroblastoma (HR-NB). AKT signaling, however, is active in normal tissues, raising concern about excessive toxicity from its suppression. The oral AKT inhibitor perifosine showed tolerable toxicity in adults and in our phase I trial in children with solid tumors (clinicaltrials.gov NCT00776867). We now report on the HR-NB experience. HR-NB patients received perifosine 50-75 mg m 22 day 21 after a loading dose of 100-200 mg m 22 on day 1, and continued on study until progressive disease. The 27 HR-NB patients included three treated for primary refractory disease and 24 with disease resistant to salvage therapy after 1-5 (median 2) relapses; only one had MYCN-amplified HR-NB. Pharmacokinetic studies showed lM concentrations consistent with cytotoxic levels in preclinical models. Nine patients (all MYCN-non-amplified) remained progression-free through 431 to 741 (median 541) months from study entry, including the sole patient to show a complete response and eight patients who had persistence of abnormal 123 I-metaiodobenzylguanidine skeletal uptake but never developed progressive disease. Toxicity was negligible in all 27 patients, even with the prolonged treatment (11-62 months, median 38) in the nine long-term progression-free survivors. The clinical findings (i) confirm the safety of therapeutic serum levels of an AKT inhibitor in children; (ii) support perifosine for MYCN-non-amplified HR-NB as monotherapy after completion of standard treatment or combined with other agents (based on preclinical studies) to maximize antitumor effects; and (iii) highlight the welcome possibility that refractory or relapsed MYCN-non-amplified HR-NB is potentially curable.
Introduction
The serine-threonine kinase AKT (also called protein kinase B) plays a pivotal role in the phosphatidylinositol 3 0 -kinase (PI3K) pathway that, when aberrantly activated, drives the malignant phenotype of most types of cancers. 1, 2 This pathway, however, is fundamental in many physiologic processes in normal tissues, raising concern about excessive toxicity from its suppression. 2 Perifosine, which is a synthetic alkylphospholipid that inhibits AKT, proved to have modest toxicity in adults with solid tumors plus good oral bioavailability. 3, 4 To assess toxicity in children, a pediatric phase I trial of perifosine monotherapy for resistant or relapsed solid tumors was initiated at Memorial Sloan Kettering Cancer Center (MSKCC). After a satisfactory toxicity profile and a safe dosage were identified, the trial was amended 5 to enroll a separate cohort of patients with highrisk neuroblastoma (HR-NB) in order to assess efficacy specifically regarding this most common of pediatric extracranial solid tumors. In addition to encouraging preliminary clinical findings with HR-NB in the phase I trial, several observations, as recently summarized, [5] [6] [7] supported a focus on HR-NB patients: (i) a plethora of receptor tyrosine kinases (RTKs) mediate the clinical behavior of NB via the PI3K/ AKT pathway [8] [9] [10] [11] [12] ; (ii) aberrant activation of AKT is associated with poor outcome in HR-NB patients 13 ; (iii) inhibitors of the PI3K/AKT signaling axis impair growth of NB [12] [13] [14] ; and (iv) perifosine is cytotoxic in lM concentrations in preclinical studies using NB cell lines. 14 We now report on the HR-NB experience.
Patients and Methods
This report covers all NB patients treated (2009-2014) on the MSKCC perifosine monotherapy protocol 08-091 (clinicaltrials.gov NCT00776867). There were no limitations regarding prior therapy. Eligibility criteria included: age 21 years; refractory or relapsed disease after standard therapy and documented 3 weeks after chemotherapy; absolute neutrophil count 1,000/ml at least 24 hrs after a dose of granulocyte colonystimulating factor; platelet count 75,000/ml at least 1 week without a platelet transfusion; liver function enzymes 33 the upper limit of normal; total bilirubin 2.0 mg dl
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; and serum creatinine 1.53 the upper limit of normal. Informed written consents for treatment and tests were obtained according to MSKCC Institutional Review Board rules.
Study design
The primary objective of this phase I trial for pediatric patients with solid tumors was to identify the maximum tolerated dosage (MTD) of perifosine. Given the availability of perifosine only in 50 mg tablets, treatment dose levels were based on body surface area. Patients received a loading dose of oral perifosine on Day 1, followed by maintenance. Dose level one corresponded to 25 mg m 22 day
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; increments in dose levels were 25 mg m 22 day
. Patients could continue taking perifosine on study until emergence of either progressive disease (PD) or dose-limiting toxicity by the Common Terminology Criteria for Adverse Events, Version 3.0. Five dose levels were investigated. No MTD was identified.
In a phase Ib expansion cohort, HR-NB patients were treated at dose level 3 for an evaluation of the anti-NB activity of perifosine monotherapy. This dose level was chosen because of its excellent safety profile (same negligible toxicity as with lower and higher dose levels) and pharmacokinetic findings. The latter showed steady state serum levels of 14.1 6 4 lM at dose level 1, 32.8 6 8.1 lM at dose level 2, and 31.6 6 7.8 lM at dose level 3. The rationale for selecting dose level 3 over dose level 2 was that perifosine at all dose levels was equally well tolerated by patients, and higher dosing was more likely assure therapeutic serum levels, given the wide interpatient variability observed in adult studies. 3, 4 Pharmacokinetic studies Serum for perifosine levels was obtained on days 1, 8, 15, and 22 of cycle 1. At each time point, heparinized blood was collected into a plastic vacutainer to minimize adhesion of perifosine. Plasma was separated by centrifugation and stored in polypropylene cryovials at 2808C until assayed. Perifosine in plasma was measured by a validated reversed phase liquid chromatography/electrospray mass spectrometry method. 15 Assessment of disease status HR-NB patients underwent comprehensive extent-of-disease evaluations every 8 weeks 312 months from enrollment, then selective scans 6 bone marrow (BM) studies every 8 weeks while continuing to take perifosine. Radiographic studies included computed tomography, 123 I-metaiodobenzylguanidine (MIBG) scan (with Curie scores obtained as described 16 ), and positron emission tomography. BM studies comprised standard histochemical studies of aspirates/smears and biopsies from bilateral posterior and anterior iliac crests (i.e., four sites, which contrast with the two sites in international guidelines 17 ). Disease status was defined by the International NB Response Criteria, 17 I-MIBG scan improved by <50% decrease in number of (1) sites; no response: <50% decrease but <25% increase in any existing lesion, unchanged 123 I-MIBG findings; and PD: new lesion or >25% increase in an existing lesion.
Statistical analysis
Efficacy was measured by response rate where response was either disease regression (MR, PR, or CR) or documentation of no PD at 6 months. A response rate of 10% was considered undesirable and 25% promising. The study's goal was to What's new? The PI3K/AKT pathway plays a crucial role in many cancers, including high-risk neuroblastoma (HR-NB). In this clinical study, the authors tested the AKT inhibitor perifosine in a group of pediatric patients with refractory or treatment-resistant HR-NB. After more than 3 years, 33% of the patients (9/27) remain progression-free. Toxicity was negligible, alleviating concerns that suppressing the PI3K/AKT pathway might be harmful. These results suggest that refractory/relapsed NB is curable, and indicate that perifosine may provide a valuable treatment option, alone or in combination with other therapies.
assess whether there is an indication that the response rate is promising so that a larger phase II or III study could be initiated. Thus we used type II error rate of 10% for the study design.
To achieve our objective we obtained the minimum number of subjects necessary such that the probability of observing 0 or 1 responses was 10% if the true response rate was 25%. This number was 14 and decision rule was launch a phase II or III study if at least two patients responded. The probability of launching a phase II or III study was 41.5, 80.2, and 89.9%, respectively, when the true response rates were 10, 20, and 25%.
The follow-up study was designed to have 10% type I error rate and 90% power so that the combined type I error rate will be <5% and power over 80%.
If three or more of the 14 NB patients experienced doselimiting toxicity at dose level 3, the MTD would be revisited. The probability of revisiting the MTD was 16, 55, or 84% for a true toxicity rate of 10, 20, or 30%, respectively.
Progression-free survival (PFS) from the first dose of perifosine through PD, death, or last day of follow-up was calculated by the Kaplan-Meier method.
Results

Study patients
A total of 27 HR-NB patients received perifosine monotherapy according to protocol. This cohort included 22 patients who met all eligibility criteria: 8 in the dose-escalation arm and 14 in the expansion arm. In addition, the absence of hematologic, hepatic, and unexpected toxicities prompted single patient usage of perifosine (as per the expansion arm) in five patients who were ineligible for formal enrollment because of age >21 years, grade 3-4 abnormalities of liver function enzymes, and/or thrombocytopenia. Twenty-six patients had stage 4 NB initially diagnosed at >3 years of age, and one patient was 4-months old with a localized NB but had two subsequent metastatic osteomedullary relapses. MYCN amplification was present in 1/24 patients. No tumor had an ALK mutation (21 tested).
When started on perifosine, the 27 patients (15 male, 12 female) were 4.7-33.5 (median 10.1) years old and 2.5-8.0 (median 4.5) years from diagnosis. Three patients were treated for primary refractory disease (i.e., persistence of NB but no PD) and 24 were treated for NB resistant to salvage therapy after 1-5 (median 2) prior relapses. Sites of disease at study entry were soft tissue alone (one patient), soft tissue plus osteomedullary by 
Outcome
A total of nine patients have remained progression-free through 431 to 741 (median 541) months from study entry (Table 1) , including one patient (#5) who received additional investigational therapy after being on this trial for 11 months. Objective responses included one CR (patient #6) and two PRs (patients #2 and #4); the other six long-term survivors had persistence of abnormal osteomedullary 123 I-MIBG 2 At enrollment, patients #1-3 had primary refractory disease, i.e., persistent disease but no prior history of progressive disease or relapse, and patients #4-9 had residual disease despite salvage therapy for prior relapse. 3 Included dose-intensive induction and 2nd-line chemotherapy in all patients. 4 Received additional investigative therapy.
uptake but never developed PD. All nine took perifosine (six at dose level 3, one each at dose level 1, 2, and 4; Table 1 ) for prolonged periods (11-62 months, median 38). Four of these patients (#2, #3, #4, #5) had ganglioneuroma in BM at study enrollment; these mature cells disappeared with perifosine monotherapy. None of these nine patients had MYCNamplified disease, while 8/8 tested had wild type ALK (not tested in patient #6). Among the other 18 patients, three remained on study (dose level 3) for >6 months before an event: one with a history of 1 prior relapse died progression-free at 9 months from viral pneumonia (unrelated to protocol therapy); one with a history of three prior relapses had PD at 11.5 months; and the sole study patient with MYCN-amplified NB (one prior relapse) had focal PD (cervical node) at 12.5 months (perifosine serum level 24.88 lM). Twelve patients had early PD, i.e., 0.5-3.5 months from enrollment, and three had PD documented 5.5-7.5 months from enrollment. PFS was 36% (SE 6 9%) at 36 months from Day 1 of perifosine (Fig. 1) .
Pharmacokinetics
The average steady state serum level of perifosine was calculated for 21 patients and ranged from 12.21 to 36.65 lM (median 19.75 lM).
Toxicity
Treatment was well tolerated by all 27 patients, with no dose-limiting toxicity, no problems in administration of perifosine, no evidence of cumulative toxicity over months-toyears, and no patient coming off study because of toxicity or side effects. Two patients had transient grade 3 hepatotoxicity. This absence of toxicity was noteworthy given each study patient's extensive prior multi-modality therapy. The only other grade 3-4 toxicities-all unrelated to perifosine, all selflimited, and all attributable to prior therapy or intercurrent events such as viral syndromes-were hematologic, including neutropenia, lymphopenia, or thrombocytopenia.
Discussion
In this first reported study of the AKT inhibitor perifosine as monotherapy in children, the treatment was well tolerated, similar to adult studies 3, 4 with no significant toxicity despite the ubiquity of AKT pathways in normal tissues. The clinical and pharmacokinetic findings confirm a safe dosage to achieve therapeutic serum levels of perifosine in children. Indeed, the ease of administration and the absence of hematologic or non-hematologic toxicity in the study patients-all of whom had received extensive prior therapy-help explain why families of patients without PD were eager to continue perifosine monotherapy for years.
Nine of the 27 HR-NB patients became long-term progression-free survivors (Table 1 ). This gratifying result was unexpected given that patients with primary refractory HR-NB have a poor prognosis and relapse of HR-NB after contemporary multi-modality therapy is deemed to be "invariably fatal." 18 Yet caution is warranted when considering whether to attribute the good outcomes to perifosine. One of these patients had a CR, with normalization of MIBG scan, but delayed effects of prior therapy cannot be discounted. The other eight patients may have had relatively quiescent malignant disease when enrolled since they had stable MIBG findings for prolonged periods before, during, and after perifosine monotherapy; their PET scans did not show abnormal uptake unequivocably indicative of metabolically active neoplastic deposits; and BM disease at study entry was limited to ganglioneuroma (four patients).
Conclusions regarding anti-NB activity of perifosine in the clinical setting cannot be applied to MYCN-amplified disease since only one study patient had this adverse prognostic marker. Nevertheless, the prolonged PFS (12.5 months), with only a focal relapse, of this patient is notable given the often rapid PD and early demise with resistant MYCN-amplified NB. 19 This all-too-common clinical course likely accounts for the paucity of MYCN-amplified patients in our study. Preclinical studies suggest that inhibition of the AKT pathway, including with perifosine, is active against MYCN-amplified NB. 8, 12, 14, 20 Biological, preclinical, and clinical findings suggest that perifosine holds promise as an agent that can help improve the prognosis of HR-NB patients without worsening the long-term noxious sequelae associated with aggressive multimodality anti-NB therapy. Clinical studies of NB patients strongly support targeting the PI3K/AKT pathway. Thus, this pathway's activation correlated with poor outcome and wellestablished markers of HR-NB including MYCN amplification, chromosome 1p aberrations, unfavorable histology, advanced disease stage and older age, 13 as well as CD133 expression, a more recently identified adverse prognostic marker. 20 Conversely, activation was largely absent in lowrisk NBs detected by mass screening. 
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A variety of RTKs influence NB pathogenesis and malignant behavior via the PI3K/AKT pathway, [5] [6] [7] including receptors for brain-derived neurotropic factor, 8 epidermal growth factor, 9 insulin-like growth factor 10 and vascular endothelial growth factor. 11 Hence, the anti-AKT activity of perifosine can affect NB without regard to which specific RTKs are involved in a given tumor. [5] [6] [7] Furthermore, perifosine, unlike other oncologic agents that target DNA or RNA, primarily acts at the cell surface 5 -and activation of PI3K results in translocation of AKT to the plasma membrane. Finally, inhibiting the AKT pathway with perifosine 22 or other agents 20, 23 appears to enhance the antitumor effect of chemotherapy, biological agents and radiotherapy. [5] [6] [7] [8] This finding plus its lack of toxicity make perifosine an attractive candidate for coadministration with other treatment modalities.
In our expansion cohort, the dosing of perifosine was arrived at in the phase I component of this trial where steady state serum levels of 32 lM were documented. Levels were lower in the expansion cohort but approximated those in adults. 4 These serum levels matched the perifosine concentrations that showed anti-NB activity in laboratory studies. 8, 14 The latter, which included animal models, involved NB cell lines containing biological features seen with aggressive NB including MYCN amplification, chromosome 1p deletions, and mutations of tumor protein p53 which is associated with chemoresistance. In those preclinical studies, 8, 14 activity was also noted against cell lines with aberrations of ALK that confer resistance to ALK inhibitors which are a new anti-NB treatment attracting much interest. 18 ALK mutations were absent in the 21 study patients tested.
In summary, perifosine monotherapy was confirmed to be a safe and well-tolerated treatment in children with HR-NB despite the role of AKT in normal tissues. This clinical experience and a wide range of preclinical studies suggest that perifosine could be readily combined with other oncologic treatments to achieve additive or synergistic antitumor effects. It might also be considered as treatment after completion of standard therapy for HR-NB, though perhaps only for MYCN-non-amplified disease, given that to date only preclinical data support perifosine for MYCN-amplified disease. 8, 12, 14, 20 The progression-free survival off all therapy of 9/27 study patients with very long follow-up (Table 1) adds to accumulating evidence that refractory or relapsed HR-NB can potentially be cured. 24, 25 
